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Summary
Leukocyte migration and trafficking is dynamically
regulated by various chemokine and adhesion mole-
cules and is vital to the proper function of the immune
system.We describe a role for the Cas and Hef-1-asso-
ciated signal transducer in hematopoietic cells (Chat-
H) as a critical regulator of T lymphocyte migration,
by using lentivirus-mediated RNA interference (RNAi).
Impaired migration of Chat-H-depleted cells coincided
with defective inside-out signaling shown by dimin-
ished chemokine-induced activation of the Rap-1
GTPase and integrin-mediated adhesion. Localization
ofChat-H to theplasmamembrane, associationwith its
binding partner Crk-associated substrate in lympho-
cytes (CasL), and Chat-H-mediated CasL serine-
threonine phosphorylation were required for T cell
migration. These results identify Chat-H as a critical
signaling intermediate acting upstream of Rap1 to
regulate chemokine-induced adhesion and migration.
Introduction
A functional immune system absolutely depends on the
ability of leukocytes to respond to both homeostatic and
inflammatory cues, which direct them to migrate into
or out of a given tissue. Our current understanding of
directed leukocyte egress from the blood involves
a four-step process. First, cells exit the circulation by
weakly binding to endothelial cells via selectins. They
then roll along the endothelium until they are activated
by membrane-bound chemokines. Binding of chemo-
kines to their cognate receptors results in leukocyte in-
tegrin activation, through a process known as inside-
out signaling, causing the cell to adhere and stop rolling.
Finally, the activated leukocytes migrate between endo-
thelial cells and into the underlying tissue (Imhof and
Aurrand-Lions, 2004; Kinashi, 2005).
Small guanosine-triphosphate hydrolyzing proteins
(GTPases) are known to regulate signaling pathways in-
volved in leukocyte migration in response to chemokine
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them, Rap1 has recently emerged as a potent activator
of integrins, integrin-mediated adhesion, and migration
in leukocytes (Kinashi and Katagiri, 2004). Although the
mechanisms whereby Rap1 mediates integrin activation
were until recently unknown, the newly identified regula-
tor for cell adhesion and polarization enriched in lym-
phoid tissues (RAPL) was shown to act as an effector
molecule downstream of Rap1 to induce integrin activa-
tion and leukocyte migration (Kinashi, 2005). While this
discovery represents an advance in our understanding
of inside-out signaling, upstream mechanisms leading
to Rap1 activation in response to chemokine stimulation
in leukocytes remain largely uncharacterized.
In recent years, members of two protein families, the
Cas and Nsp proteins, have been implicated in integrin
as well as Rap1 activation. The Cas family consists of
three adaptor proteins, p130Cas, CasL or human en-
hancer of filamentation-1 (Hef-1), and Src interacting
protein or embryonic Fyn substrate (Sin-Efs) (Alexan-
dropoulos et al., 2003), whereas the Nsp family consists
of Nsp1 (Lu et al., 1999), AND-34 (Cai et al., 1999), and
Chat-Chat-H (Dodelet et al., 1999; Sakakibara and Hat-
tori, 2000; Sakakibara et al., 2003). Cas family members
share a highly conserved N-terminal Src homology 3
(SH3) domain, multiple tyrosine-containing motifs, and
a conserved C-terminal region that binds to the Nsp pro-
teins. The architecture of Nsp family members consists
of an amino-terminal Src homology 2 (SH2) domain
followed by a proline- and serine-rich region, and a con-
served C terminus that binds to Cas family members.
Chat-H, the hematopoietic cell-specific isoform of Chat,
differs from Chat and the other Nsp proteins in that it
contains a unique N terminus of unknown function.
The C-terminal domains of Nsp proteins also show ho-
mology to CDC25-related guanine nucleotide exchange
factors (GEF), which promote guanine nucleotide ex-
change and activation of Ras family GTPases. Although
the GEF domain of the Nsp proteins binds to several Ras
family GTPases, it remains controversial whether it has
intrinsic GEF activity (Bos et al., 2001; Dodelet et al.,
1999; Gotoh et al., 2000).
Of the different Cas and Nsp proteins, CasL and Chat-
H are highly expressed in lymphoid tissues, and in sple-
nocytes they are constitutively associated with each
other (Sakakibara and Hattori, 2000). In studies on T
cell lines, CasL was shown to mediate T cell receptor
(TCR) and b1-integrin-mediated signaling (Iwata et al.,
2000; Minegishi et al., 1996), whereas Chat-H was re-
cently shown to promote TCR-mediated interleukin-2
(IL-2) production (Sakakibara et al., 2003). Yet all previ-
ous studies on these molecules have been based on
overexpression data in cell lines. We therefore gener-
ated a loss-of-function system by using lentiviral-based
RNA interference (RNAi) (Rubinson et al., 2003) to exam-
ine the function of these proteins in primary murine T
lymphocytes. In contrast to previous findings based on
overexpression systems, downregulation of Chat-H had
no effect on TCR-induced T cell proliferation and IL-2
production. Instead, we found that Chat-H deficiency
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908inhibited basal and chemokine-induced T cell migration
in vitro and in vivo. Rap1 activation and integrin-
mediated adhesion were also impaired in Chat-H-
depleted cells. Surprisingly, expression of an N-terminal
Chat-H deletion mutant in Chat-H-deficient cells failed to
reconstitute adhesion and migration, revealing a func-
tional role for this domain. In addition, expression of
a Chat-H mutant that lacked the ability to bind to CasL
failed to reconstitute migration and adhesion, suggest-
ing an important role for the Chat-H-CasL complex in
these processes. Consistent with these data, we found
that lentivirus-mediated knockdown of CasL also in-
hibited T cell migration. Taken together, these results
suggest that Chat-H is a crucial regulator of T lympho-
cyte trafficking and that Chat-H controls migration by
acting in concert with CasL upstream of Rap1.
Results
Lentivirus-Mediated Downregulation of Chat-H
Expression in Primary T Cells
To investigate whether Chat-H plays a functional role in
T lymphocytes, we expressed four different short hairpin
RNAs (shRNAs) from the pLL3.7 vector (Rubinson et al.,
2003), designated CHi1 through CHi4 (see Figure S1A in
the Supplemental Data available online), of which CHi2
and CHi3 efficiently reduced cotransfected Chat-H ex-
pression in HEK293 cells (data not shown). CHi2 and 3
were subsequently packaged into viral particles also
expressing green fluorescent protein (GFP), and viral su-
pernatants were used to downregulate Chat-H expres-
sion in mouse primary CD4+ T cells.
In initial experiments, the percentage of infected,
GFP-positive cells and the amount of GFP in each cell,
as measured by mean fluorescence intensity (MFI),
was reduced after 1 day in culture and continued to
decline for the following 3 days (Figure S1B). To bypass
this limitation and to improve the transduction effi-
ciency, we made two modifications to the original proto-
col. First, the cytomegalovirus (CMV) promoter driving
expression of GFP in the pLL3.7 vector was replaced
with the human Ubiquitin-C promoter (hUb-C)
(Figure S1A; Lois et al., 2002). In contrast to the parental
CMV-based vector, T cells transduced with pLL3.7Ub-C
and CHi3Ub-C (from here on referred to as vector and
CHi3, respectively) remained positive for GFP expres-
sion for up to 5 days (Figure S1B). Second, we changed
the tropism of the virus by replacing the vesicular sto-
matitis virus glycoprotein (VSVG) (Rubinson et al.,
2003) with an ecotropic envelope derived from the mu-
rine leukemia virus (MLV) (Albritton et al., 1989). These
alterations resulted in highly reproducible transduction
efficiency (w90%, Figure S1C) as well as efficient silenc-
ing (>90%) of Chat-H expression in unsorted and GFP+-
sorted T cells (Figure 1A). The CHi3 shRNA was more ef-
ficient than CHi2 in downregulating Chat-H (Figure 1A)
and was used in all subsequent experiments.
Downregulation of Chat-H Expression Inhibits
T Cell Migration
Overexpression of Chat-H in Jurkat E6 T cell lines
had previously been shown to enhance production of
IL-2 in response to TCR stimulation (Sakakibara et al.,
2003). Surprisingly, we found that downregulation ofChat-H had no effect on TCR signaling, as shown by
the fact that neither intracellular IL-2 production nor pro-
liferation were affected in Chat-H-depleted T cells (Fig-
ures S2A and S2B). The discrepancy between our re-
sults and those previously published may represent
differences in the experimental conditions used or phys-
iological differences between primary T cells and T cell
lines. Nonetheless, our data reveal that Chat-H does
not play a critical role in TCR signaling in primary T cells.
It was recently shown that overexpression of the non-
hematopoietic Chat-H isoform, Chat, promoted migra-
tion of COS cells in response to epidermal growth factor
(EGF) stimulation (Dail et al., 2004). This finding promp-
ted us to examine migration in our experimental system.
We found that Chat-H downregulation led to impaired
spontaneous, as well as CXCL12- or CCL21-induced T
cell migration in an in vitro transwell assay (Figures 1B
and 1C). Addition of CXCL12 to the top as well as the
bottom wells of the transwell did not stimulate migration
(Figure 1D), indicating that CXCL12 induces directed
movement of these cells across the transwell (chemo-
taxis) and does not simply increase random movement
of the cells (chemokinesis). Migration of T cells was not
completely blocked by Chat-H downregulation, and this
could be due to residual amounts of Chat-H or other
compensatory mechanisms. The observed migratory
defect was not due to lack of receptor expression, be-
cause CXCR4 and CCR7 were similarly expressed on
the cell surface of vector- and CHi3-transduced cells
(Figure 1E).
Re-Expression of Chat-H in CHi3-Transduced Cells
Rescues T Cell Migration
To examine whether the impaired migration of T cells
was due to Chat-H deficiency and not due to a nonspe-
cific effect of RNAi, Chat-H-deficient T cells were recon-
stituted with a retrovirus expressing a form of Chat-H
(rChat-H) that was resistant to CHi3-mediated downre-
gulation (Figure 2A). T cells were coinfected with a
modified vector or CHi3 lentivirus expressing yellow
fluorescent protein (YFP) instead of GFP, and retroviral
supernatants expressing rChat-H and GFP. Percent-
ages of GFP+YFP+ double-positive T cells were deter-
mined by flow cytometry (Figure 2A), and migration of
these cells was determined on transwell plates. Consis-
tent with our previous findings, expression of CHi3 along
with the retroviral vector pMiG inhibited basal and che-
mokine-induced migration of T cells (Figure 2B). Expres-
sion of rChat-H in CHi3-transduced cells (Figure 2B, left)
restored migration to wild-type amounts (Figure 2B, bar
graphs). In addition, infection of T cells with a scrambled
CHi3 (CHi3s) shRNA had no effect on Chat-H expression
or migration as compared to the parental CHi3
(Figure 2C). Together, these results suggest that the ob-
served migratory defect is due to Chat-H deficiency and
not to a nonspecific effect or target of RNAi.
Chat-H Downregulation Inhibits T Lymphocyte
Homing to Peripheral Tissues
It has previously been shown that naive T cells and
in vitro or in vivo activated T lymphoblasts exhibit differ-
ent migratory patterns into peripheral lymphoid organs.
Whereas naive T cells migrate to peripheral lymph nodes
and spleen, T lymphoblasts display a trafficking pattern
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909Figure 1. Chat-H Deficiency Impairs T Cell Migration
(A) Immunoblot of Chat-H expression in lysates from T cells transduced with Chat-H-specific shRNAs (CHi2, CHi3) and either left unsorted or
GFP-sorted. Expression of Zap-70 was used as a loading control.
(B and C) 1–2 3 105 CD4+ T cells transduced with vector (filled symbols) or CHi3 (open symbols) were used in a transwell migration assay as
described in the Experimental Procedures. The lower wells contained increasing concentrations of either CXCL12 or CCL21. Percent cells
migrated were determined by averaging counted cells from duplicate samples on a hemocytometer. Error bars for (B), (C), and (D) represent
standard deviations (SD). One of two independent experiments is shown.
(D) CXCL12 (500 ng/ml) was added to the lower chamber only (L), the upper and the lower chamber (U/L), or not added to either chamber (Un), and
migration was determined as in (B) and (C). Black and gray bars represent vector- and CHi3-transduced T cells, respectively.
(E) Expression of chemokine and integrin receptors in transduced CD4+ T cells was analyzed by staining the cells with specific antibodies, gating
on GFP+ cells, and examining receptor expression by flow cytometry.associated with increased integrin-dependent trapping
of these cells in the lung after intravenous injection (Ha-
mann et al., 2000). Because our experiments involved
in vitro expansion of primary T cells, we determined
the surface marker phenotype of transduced T cells
that were rested in IL-2 for 2 days. These cells displayed
increased CD25 expression as compared to freshly iso-
lated CD4+ T cells, consistent with an activated T cell
phenotype (Figure 3A). These cells also expressed lym-
phoid organ homing receptors L-selectin (CD62L;
Figure 3A) and CCR7 (Figure 1E; Arbones et al., 1994;
Butcher and Picker, 1996), suggesting that they were
capable of migrating to peripheral lymphoid organs.
There were no differences in expression amounts of sur-
face markers in vector- versus CHi3-expressing cells
(Figure 3A).To examine the in vivo homing of these T lymphocytes
to different tissues, GFP-sorted T cells were labeled with
CMRA (vector) or DDAO (CHi3) fluorescent dyes, mixed
at a 1:1 ratio, and injected into the tail vein of syngeneic
mice. This allowed for direct comparison of the homing
activity of the mixed T cells in each tissue setting. 1 hr
after injection, more cells infected with vector than
CHi3 were found in the lung (Figures 3B and 3C), consis-
tent with the previously described sequestration of acti-
vated T cells in this tissue (Hamann et al., 2000). At the
same time, there was an accumulation of Chat-H-defi-
cient cells in the blood, spleen, and to a lesser extent
the liver (Figures 3B and 3C). Although the total number
of injected T cells migrating to the peripheral lymph
node 1 hr after injection was quite small (Figure 3B),
the ratio of Chat-H-deficient cells migrating to this organ
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(A) T cells were coinfected with viral supernatants carrying a pLL3.7 lentiviral vector expressing YFP instead of GFP and retroviruses expressing
HA-tagged rChat-H that contains silent mutations within the region targeted by CHi3 and is resistant to CHi3-mediated downregulation. The per-
centages of YFP+GFP+ T cells were determined by FACS.
(B) Expression of endogenous Chat-H and rChat-H in the presence or absence of CHi3 was analyzed on immunoblots with a Chat-H antibody as
in Figure 1. 1–2 3 105 unsorted cells were used for migration assays (bar graph). Percent migration of YFP+GFP+ double-positive cells was de-
termined by counting the total number of cells that migrated in the bottom chamber of triplicate transwells, and comparing GFP+/YFP+ input
versus migrated populations by FACS. Bar graphs represent averages 6 standard deviation (SD).
(C) T cells were infected with vector, CHi3, or the scrambled control shRNA CHi3s and Chat-H expression and migration assays were performed
as described in Figures 1A and 1B, respectively. Bar graphs represent averages of triplicate samples 6 SD.was consistently and substantially decreased. This oc-
curred despite the increased presence of Chat-H-defi-
cient cells in the blood perfusing the lymph nodes, indi-
cating that the actual ratio may be even lower than that
observed (Figure 3C). Taken together, our results sug-
gest that Chat-H is required for tissue-specific homing
of T lymphocytes and that Chat-H deficiency disrupts
this process.
Chat-H Downregulation Inhibits Rap1 Activation
and Integrin-Mediated T Cell Adhesion
To elucidate the mechanism(s) through which Chat-H
regulates T cell migration, we tested whether Rap1 acti-
vation and integrin-mediated adhesion were impaired in
Chat-H-depleted T cells, because these processes are
critical for directed leukocyte migration (Hogg et al.,2003; Imhof and Aurrand-Lions, 2004). Rap1 is activated
by antigen and chemokine receptor stimulation and is an
important regulator of integrin activation and integrin-
mediated cell adhesion and migration (Kinashi, 2005).
Downregulation of Chat-H dramatically inhibited activa-
tion of Rap1 in response to CXCL12 stimulation to
amounts that were similar to those observed under
basal conditions (Figure 4A, top). This was not due to
defects in Rap1 expression, because similar amounts
of Rap1 were expressed in vector versus CHi3-infected
cells (Figure 4A, bottom). In addition, the scrambled
CHi3s control had no effect on chemokine-induced
Rap1 activation or Rap1 expression (Figure 4A, top and
bottom, respectively), again suggesting that the Chat-H
shRNA effect on Rap1 activation was specific. In
contrast to Rap1, Chat-H downregulation (Figure 4B,
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(A) T cells were transduced with either vector or CHi3, and surface marker expression on GFP+ cells was analyzed by FACS and compared to
freshly isolated CD4+ cells.
(B) Transduced T cells were sorted by gating on GFP, and then vector-transduced cells were stained with DDAO and CHi3-transduced cells were
stained with CMRA (no difference was observed if the dyes were switched). They were mixed at a 1:1 ratio, and 53 106 total cells were injected
into the tail veins of syngeneic mice. 1 hr after injection, mice were sacrificed and cells from dissected tissues were analyzed by FACS. Numbers
represent percentages of GFP-gated cells (dot plots).
(C) Ratios of CHi3:vector for different tissues were compared to the input ratio. When the input ratio deviated from 1.0, input and tissue ratios
were multiplied by a correction factor. Bar graphs represent the average of CHi3:vector ratios 6 SD for tissues obtained from at least three dif-
ferent mice. BL, blood; LG, lung; *p < 0.01; pLN, lymph node; *p < 0.05; SP, spleen; *p < 0.05; LV, liver.bottom left) had no effect on the activation of the Rho-
family GTPase Rac1 (Figure 4B, top). In addition, che-
mokine-induced actin polymerization, a process that
is important for migration and is controlled by RhoGTPases, was normal in Chat-H-depleted T cells
(Figure 4C, dashed line). Moreover, Rap1 activation in
response to TCR stimulation was not affected in Chat-
H-depleted cells (Figure S2C), suggesting that Chat-H
Immunity
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(A and B) Cells infected with vector-, CHi3-, or CHi3s-expressing lentiviruses were stimulated with CXCL12 for 30 s, and Rap1- (A) or Rac1-GTP
(B) amounts were determined in pull-down assays. Rap1 and Rac1 were visualized on immunoblots with specific antibodies. Efficient Chat-H
knockdown was confirmed by immunoblotting with a Chat-H-specific antibody ([B], bottom left), and ZAP-70 expression was used as a loading
control ([B], bottom right). Equal amounts of total Rap1 were present in vector- or CHi3-infected T cells as determined by immunoblotting ([A],
bottom). WCE, whole cell extract.
(C) Stimulated vector (solid line) or CHi3-transduced (dashed line) T cells were plated in triplicate wells, fixed, stained with Alexa Fluor 633-con-
jugated phalloidin, and analyzed by FACS. Cells were gated on YFP, and MFIs in the 633 channel were collected. MFIs from different time points
were divided by the unstimulated MFI to obtain the percent increase in F-actin. Data shown are representative of three separate experiments.
Bars represent averages of triplicate wells 6 SD.
(D) Transduced T cells were left unstimulated or stimulated with CXCL12 for different time points as indicated and plated on ICAM-1-coated
plates in the presence or absence of LFA-1 blocking antibody (CD11a, clone M17/4) as shown. Adherent cells were fixed and stained with crystal
violet, and the absorbance was determined at 540 nm. Each time point represents the average of at least three experiments 6 SD. 5 min,
*p < 0.05; 10 min, *p < 0.01; 20 min, *p < 0.01; 30 min, *p < 0.005.
(E) T cells infected with vector (black bars), CHi3 (gray bars), or CHi3s (white bars) were stimulated with CXCL12 or PMA for 10 min and adhesion
assays were performed as in (D). Each bar represents the average of at least three experiments6 SD. Adhesion of CXCL12-induced Chat-H-de-
pleted cells (gray bar) was statistically significant as compared to vector (black bar, *p < 0.01) or CHi3s-infected (white bar, *p < 0.05) cells.deficiency preferentially targets Rap1 downstream of
chemokine receptor stimulation. Consistent with this,
chemokine-induced activation of other signaling path-
ways, for example, activation of the MAP kinase ERK,
was also normal in Chat-H-depleted cells (Figure S2D).
Consistent with the impaired Rap1 activation,
CXCL12-induced adhesion of T lymphocytes to the
LFA-1 ligand ICAM-1 was decreased in the absence of
Chat-H (Figure 4D, top graph). Adhesion of vector-in-
fected cells peaked 10 min after stimulation, which
was similar to previously published results showing in-
tegrin-mediated adhesion under shear stress (Katagiri
et al., 2004). The impaired adhesion was not due to dif-
ferences in LFA-1 expression, because similar amounts
of the protein were present in vector- and CHi3-express-
ing cells (Figure 1E). Addition of an anti-LFA blocking
antibody abolished chemokine-stimulated adhesion toICAM-1, suggesting that the effect we observed was in-
tegrin specific (Figure 4D, bottom graph). Adhesion of
Chat-H-depleted T cells was not affected in cells in-
fected with the control CHi3s shRNA or when the cells
were stimulated with phorbol 12-myristate 13-acetate
(PMA) (Figure 4E). Collectively, these results suggest
that Chat-H is an important regulator of chemokine-in-
duced integrin-mediated adhesion and that Chat-H con-
trols this process by acting as an upstream regulator of
the Rap1 GTPase.
Chat-H Deficiency Inhibits Basal and Chemokine-
Induced CasL Tyrosine Phosphorylation
Existing evidence suggests that the binding partners of
Chat-H, the Cas proteins, become tyrosine phosphory-
lated in response to different stimuli, in most cases lead-
ing to the association of Cas proteins with the adaptor
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(A) Transduced CD4+ T cells were either left unstimulated or stimulated with CXCL12 for the indicated times and immediately lysed. Cell lysates
were immunoprecipitated with a CasL antibody and blots were probed with the indicated antibodies. Fold induction was determined by quan-
tifying protein bands with Odyssey imaging software (Licor). The bottom two panels show C3G and CasL expression in whole lysates (WCE) of
vector- or CHi3-infected T cells.
(B) Uninfected expanded T cells were stimulated with CXCL12 as shown, and normalized cell lysates were immunoprecipitated with C3G-spe-
cific antibody and blots were probed with indicated antibodies.
(C) HEK293 cells were transfected with either vector alone or one that expressed FLAG-tagged Chat-H, Chat, or a Chat-HDCT mutant, and im-
munoblots of total lysates were probed for p130Cas and anti-FLAG.
(D) Chat-H- and Chat-GFP fusion proteins or GFP vector were expressed in HEK293 cells and analyzed by confocal microscopy (left). Expression
of endogenous Chat-H was analyzed in primary T cells infected with CHi3 (GFP) with a Chat-H antibody. The presence of Chat-H is indicated by
arrows as an outer ring in an uninfected cell, whereas an infected green cell is shown on the left of the same image.Crk and the Rap1 GEF C3G (Bouton et al., 2001). In vec-
tor-transduced T cells, CXCL12 stimulation induced a
w3-fold increase in the amount of tyrosine-phosphory-
lated CasL. Interestingly, Chat-H was absolutely re-
quired for both basal and CXCL12-stimulated CasL
tyrosine phosphorylation (Figure 5A, left top). CHi3 ex-
pression did not globally inhibit total phospho-tyrosine
amounts, because these were similar in control and
Chat-H-depleted cells (data not shown). Despite the
presence of phosphorylated CasL in vector-transduced
T cells, we were unable to detect CasL association with
Crk or CrkL (data not shown) or C3G (Figure 5A, left),
while in parallel experiments, C3G existed in a constitu-
tive complex with CrkL in wild-type T cells (Figure 5B).
Thus, these results argue against a role for a CasL-Crk-
C3G signaling complex in Rap1 activation downstream
of CXCR4.The Unique N Terminus of Chat-H Is Required
for CasL Serine-Threonine Phosphorylation
and Chat-H Plasma Membrane Localization
In the same immunoprecipitation assays shown in
Figure 5A, we found that Chat-H and CasL associated
constitutively under resting conditions and remained
in a complex after chemokine stimulation (Figure 5A).
CasL existed as at least two species of different electro-
phoretic mobilities, p105 and p115. The p115 isoform
was previously shown to be a serine-threonine (S-T)
phosphorylated form of CasL, as indicated by the fact
that it disappeared upon treatment of the lysate with al-
kaline phosphatase, but not upon treatment with tyrosyl
phosphatase (Zheng and McKeown-Longo, 2002, and
data not shown). Surprisingly, the hyperphosphorylated
p115 isoform was absent in cells lacking Chat-H, shown
by immunoprecipitation and immunoblotting of total
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that Chat-H expression is required for the generation of
p115 CasL. Consistent with this, expression of Chat-H
in HEK293 cells led to the appearance of a shifted form
of p130Cas, a CasL-related protein that is endogenously
expressed in HEK293 cells (Figure 5C). To determine
how Chat-H leads to phosphorylation of p130Cas as
well as the structural components of Chat-H necessary
for Cas protein phosphorylation, we generated Chat-H
truncation mutants and tested them for their ability to
promote phosphorylation of endogenous p130Cas in
HEK293 cells. As expected, a deletion mutant of Chat-H
(Chat-HDCT) that has been shown to abolish binding to
Cas family members (Sakakibara and Hattori, 2000) did
not induce the appearance of the shifted p130Cas
band (Figure 5C). Interestingly, the nonhematopoietic
isoform, Chat, which lacks the unique N terminus present
in Chat-H (Sakakibara and Hattori, 2000), was also un-
able to promote p130Cas phosphorylation despite the
fact that its Cas binding domain was intact (Figure 5C).
Expression of GFP-fusion proteins of Chat-H and Chat
revealed additional differences regarding the subcellu-
lar localization of these proteins. Whereas Chat-H-GFP
was enriched in the plasma membrane of HEK293 cells,
Chat-GFP exhibited a diffuse cytoplasmic distribution
(Figure 5D). Staining of primary T cells with our Chat-H
antibody revealed a similar distribution and pattern of
staining for endogenous Chat-H as that observed with
ChatH-GFP in HEK293 cells (Figure 5D, compare top
two panels). The distribution of endogenous Chat-H
was characterized by punctate staining on the cell pe-
rimeter (Figure 5D, arrows), which disappeared in cells
infected with CHi3- and GFP-expressing lentivirus
(Figure 5D, green cell). We believe that the remaining cy-
toplasmic staining is due to nonspecific binding of the
polyclonal Chat-H antibody, because more than 90%
of Chat-H expression is dowregulated in infected cells
(Figure 1A).
These data show that the N-terminal domain of Chat-
H is necessary for Cas protein S-T phosphorylation and
Chat-H plasma membrane localization. Because Chat-H
and Chat are identical except for their N termini, these
data now assign a function to the N terminus of Chat-
H and suggest a unique role for this region in hemato-
poietic cells.
Plasma Membrane Localization and Association
of Chat-H with CasL Is Required for T Cell
Migration and Integrin-Mediated Adhesion
To examine whether the N terminus of Chat-H or the
Chat-H-CasL association were functionally relevant,
we reconstituted Chat-H-depleted T cells with rChat-H
or two mutant forms of RNAi-resistant Chat-H: one
that lacked the unique N-terminal region of Chat-H
(DN) and another that contained a tyrosine to glutamate
point mutantion (Y787E) that disrupts the Chat-H-
p130Cas association (Figure 6A, top left, lane 3) but
does not affect the ability of Chat-H to bind Rap1 (Dail
et al., 2004). We then tested the effect of these mutants
on T cell migration and adhesion. Although expression
of full-length rChat-H was able to restore CasL phos-
phorylation in T cells and reconstitute migration, the
mutants failed to do so (Figures 6A, right, and 6B). The
effect of these mutants on Rap1 activation and integ-rin-mediated adhesion was also tested on sorted
YFP+GFP+ T cells. The percentage of T cells doubly in-
fected with viruses expressing CHi3 and the different
Chat-H proteins ranged fromw20% to 30% depending
on the construct (Figure 2B, and data not shown). Unfor-
tunately, we were unable to obtain sufficient cell num-
bers to biochemically assess Rap1 activation. However,
sufficient cell numbers were recovered for adhesion as-
says, and although adhesion of sorted, Chat-H-depleted
T cells reconstituted with rChat-H was not substantially
different than that of control cells, expression of the
Chat-H mutants failed to reconstitute adhesion of coin-
fected T cells (Figure 6C). Thus, our results reveal that an
intact Chat-H N terminus and Chat-H-CasL association
are both required for integrin-mediated adhesion and T
cell migration.
Chat-H-Mediated S-T Phosphorylation of CasL
Is Required for T Cell Migration
To further explore the role of CasL in T cell migration and
whether the p115 CasL isoform is functionally important
in chemokine signaling, we used the same RNAi ap-
proach described above for Chat-H to downregulate
CasL expression, reconstitute the deficiency with a CasL
S-T phosphorylation mutant, and examine its effect on
T cell migration. Three CasL-specific shRNAs (CLi1-3)
were tested for their ability to inhibit T cell migration.
Two of these, CLi1 and CLi3, effectively blocked expres-
sion of CasL but not that of Chat-H (Figure 7A, left). As
expected, CasL depletion inhibited T cell migration
(Figure 7A, right). CLi1 and CLi3 were used interchange-
ably for subsequent experiments.
To determine whether the p115CasL isoform was
functionally relevant, we generated a deletion mutant
of CasL lacking a cluster of S and T residues spread
over a 27 amino acid span of the CasL sequence. This
cluster was identified by homology alignment of mouse,
human, and rat CasL and p130Cas amino acid se-
quences and by using an algorithm that predicts phos-
phorylation potential of serine, threonine, and tyrosine
residues on a given protein (Figure S3A). Deletion of
the S-T cluster led to complete disappearance of the
p115CasL isoform when this mutant (CasLDST) and
Chat-H were coexpressed in HEK293 cells (Figure S3B).
Re-expression of CasL in T cells coinfected with CLi3-
expressing lentivirus resulted in expression of both the
p105 and p115 isoforms and restored migration
(Figure 7B). Expression of the CasLDST mutant, on
the other hand, resulted in expression of a single p105
protein band that failed to reconstitute migration
(Figure 7B). We used human CasL cDNA (89% identity,
93% homology to mouse CasL) for these experiments
to avoid RNAi-mediated downregulation of the reconsti-
tuting CasL proteins.
Finally, to examine whether CasL was acting in the
same pathway as Chat-H to regulate migration down-
stream of chemokine receptor signaling, we performed
coknockdown experiments with CHi3-YFP or CLi1-
GFP-expressing lentiviruses (Figure 7C). We found that
either CHi3 or CLi1 maximally inhibited T cell migration
when expressed individually and that expression of
both shRNAs in coinfected T cells had no further effect
despite the combined absence of Chat-H and CasL
(Figure 7C). These results suggest that Chat-H and
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915Figure 6. The N Terminus of Chat-H and Its Interaction with CasL Are Required for T Cell Migration
(A) HA-tagged Chat-H and mutants expressed from pMiG vectors were tested for their ability to bind to and phosphorylate p130Cas. HEK293
cells transfected with vector, rChat-H (1), DN (2), and Y787E (3) were immunoprecipitated with HA antibody, and immunoblots were probed
for p130Cas and HA antibodies (left). The effect of the different Chat-H mutants on CasL phosphorylation was examined in sorted YFP+GFP+
T cells coinfected with vector or CHi3-expressing lentivirus (YFP) and pMiG retroviral vectors (GFP) expressing the different mutants (right).
Expression of Zap-70 was used as a loading control.
(B) Migration ofGFP+YFP+ T cellsexpressing rChat-H ormutantswas examined invitro withw23105 unsortedcells. Percent migrationof YFP+GFP+
cells was determined as in Figure 2. Bars represent the average of triplicate samples6 SD. One of three representative experiments is shown.
(C) Sorted YFP+/GFP+ T cells were stimulated for 10 min and plated on ICAM-1-coated plates, and percent adhesion was determined as in Figure 4D.
Each bar represents the average of at least three experiments. Statistically significant differences in adhesion were observed between Chat-H-
reconstituted cells as compared to Chat-H-depleted cells or cells reconstituted with the DN or the Y-E mutants. *p < 0.05, **p < 0.001, ***p < 0.005.CasL form a signaling complex that acts in the same
pathway downstream of chemokine receptors to regu-
late migration (Figure 7D).
Discussion
Migration of lymphocytes to secondary lymphoid organs
depends on chemokine-mediated inside-out signaling.
Here we established the hematopoietic cell isoform
Chat-H as an essential regulator of T lymphocyte
migration. Chat-H-depleted T cells displayed impaired
in vitro migration and in vivo homing to peripheral
tissues. In addition, we showed that plasma membrane
localization of Chat-H, association of Chat-H with CasL,
and Chat-H-mediated CasL phosphorylation were
events indispensable for T cell migration.To elucidate the function of Chat-H in primary T cells,
we used a modified lentivirus-mediated RNAi approach
that allowed us to rest transduced primary T cells in
culture for several days prior to experimentation. Pheno-
typic analysis of these cells revealed high surface
amounts of the activation marker CD25, which is consis-
tent with previous reports showing that in vitro ex-
panded T cells have an activated phenotype (Cavalieri
et al., 2003; Hamann et al., 2000). Existing evidence
also suggests that in vitro expanded T cells are seques-
tered in the lung after intravenous injection (Hamann
et al., 2000). We found this to be the case with T cells in-
fected with vector alone. In contrast, the presence of
CHi3-infected cells in the lung was reduced, with a con-
comitant accumulation in other tissues except the
lymph node. Because T cell sequestration in the lung
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(A) Oligonucleotides homologous to three regions of the CasL cDNA were generated and cloned into a YFP-expressing pLL3.7U vector as de-
scribed for Chat-H. T cells were transduced with the different constructs and sorted on YFP, and CasL expression was assessed in sorted cells
by immunoblots (blots). Migration of vector- or CLi1-3-transduced cells was determined as described in Figure 1.
(B and C) T cells were transduced with lentiviral supernatants expressing CLi3 and YFP and retroviruses expressing human CasL (hCasL) or the
hCasL-DST mutant (B), or CLi1 and GFP or CHi3 and YFP as shown (C) and migration of YFP+GFP+ cells was determined as described in Figure 2.
Expression of CasL and Chat-H proteins were analyzed on immunoblots with lysates of sorted YFP+GFP+ cells. Zap70 was included as a loading
control.
(D) Working model of Chat-H function in T cells. The Chat-H-CasL complex regulates steady-state and chemokine-induced adhesion and migra-
tion of T cells. The N-terminal region of Chat-H localizes the complex to the plasma membrane and promotes CasL S-T phosphorylation. Chemo-
kine stimulation triggers CasL tyrosine phosphorylation and the recruitment of a signaling intermediate or complex to the Chat-H-CasL module,
which in turn leads to Rap1 activation, integrin-mediated adhesion, and migration.is partially dependant on LFA-1-mediated adhesion
(Hamann et al., 1988; Lehmann et al., 2003), the reduced
sequestration of Chat-H-deficient T cells in the lung is
likely due to reduced adhesive capacity. Consistent with
this, adhesion of Chat-H-deficient T cells to the LFA-1
ligand ICAM-1 was defective. Integrin-mediated adhe-
sion is regulated by the Rap1 GTPase, so we examined
whether Chat-H depletion impaired migration and traf-
ficking of T cells by interfering with Rap-1 activation and,
therefore, adhesion. Indeed, Chat-H-deficient T cells
failed to activate Rap1 upon chemokine stimulation,
suggesting that Chat-H acts upstream of Rap1 in che-
mokine receptor signaling.
Chat-H was constitutively associated with CasL in T
cells. Formation of this complex was functionally impor-
tant because Chat-H mutants that disrupted association
of Chat-H with CasL failed to reconstitute migration and
adhesion. Although these results support a role for the
Chat-H-CasL signaling complex in migration and Rap1
activation, the precise molecular mechanisms that regu-
late activation of this GTPase are still unclear. One pos-
sibility is that Chat-H directly activates Rap1 through
its GEF domain. We consider this unlikely, because
although the Chat-H GEF domain binds to Rap1, it
does not promote nucleotide exchange (Dodelet et al.,
1999). Further, we showed that the Y787E point muta-
tion, which abolishes binding of Chat-H to CasL but re-tains the ability to bind to Rap and Ras proteins (Dail
et al., 2004), does not restore adhesion and T cell migra-
tion, suggesting an important role for CasL in these pro-
cesses. Thus, a more likely explanation is that Rap1
activation and migration are regulated by a signaling
complex that binds to CasL. Consistent with this,
downregulation of CasL expression inhibited migration,
directly implicating CasL in this process.
How does CasL regulate Rap1 activation? It has pre-
viously been shown that overexpression of the non-
hematopoietic isoform, Chat, in HEK293 cells leads to
Rap1 activation and increased adhesion through the ac-
tivation of the phosphotyrosine-dependent p130Cas-
Crk-C3G signaling pathway rather than through direct
Chat-GEF activity (Sakakibara et al., 2002). Although
we found a Chat-H-dependent increase in chemokine-
induced CasL tyrosine phosphorylation, we found no
evidence of Crk or CrkL or C3G binding to CasL under
conditions that induce Rap1 activation, suggesting
that a different mechanism or signaling complex is in-
volved in Chat-H-CasL-mediated Rap1 activation.
Importantly, we found that Chat-H promoted serine-
threonine phosphorylation of CasL on a conserved
S-T-rich region of the protein and that the Chat-H unique
N-terminal domain was required for this activity. This
modification was indispensable for cellular migration,
as indicated by the fact that deletion of this conserved
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restore migration of CasL-deficient cells. In addition to
these observations, the functional importance of Chat-
H-mediated S-T CasL phosphorylation is also under-
scored by the failure of the nonhematopoietic isoform
Chat to induce this phosphorylation and by the inability
of the N-terminal Chat-H deletion mutant to restore mi-
gration and adhesion of T cells. Moreover, unlike Chat-
H, Chat did not localize to the plasma membrane,
suggesting that the N terminus of Chat-H is important
for targeting the Chat-H/CasL complex to the plasma
membrane, where an as yetunidentifiedkinase canphos-
phorylate CasL. Interestingly, when Chat is targeted to
the membrane of HEK293 cells by myristoylation, Rap1
activation and membrane ruffling are enhanced com-
pared to overexpressionofnonmyristoylatedChat (Saka-
kibara et al., 2002), a finding that corroborates our data.
Whereas our results show an important role for
p115CasL in T cell migration, the identity of the kinase
or kinases that phosphorylate CasL, as well as the exact
residues that are targeted for phosphorylation, are cur-
rently unknown. Several kinases have been shown to
play important roles in chemokine-induced inside-out
signaling including PI3K and PKC (Kinashi, 2005). The
MAP kinase ERK has also been implicated in chemo-
kine-induced migration and has been shown to phos-
phorylate Chat-H in response to TCR stimulation
(Sakakibara et al., 2003). However, inhibitors that target
these kinases, including wortmanin (PI3K), H7 (PKC),
GF109203 (pan-PKC), Go6976 (conventional PKC and
PKD1), PD28059 (MEK), and SP600125 (JNK), had no
substantial effects on CasL phosphorylation in treated
T cells, suggesting that a different (novel?) kinase is in-
volved in CasL phosphorylation. The identity of the
CasL S-T kinase and how p115CasL regulates chemo-
kine signaling and migration remain to be determined.
In conclusion, we have examined the function of Chat-
H in primary T lymphocytes, and our results establish
Chat-H as a key player in chemokine-induced Rap1 ac-
tivation, adhesion, and T cell migration. In addition, our
data further elucidate the molecular determinants of
Chat-H function and identify its N-terminal region as
a functional domain playing a unique role in hematopoi-
etic cells. Given these results, it is tempting to speculate
that the Chat-H N terminus guides the Chat-H-CasL
complex to the plasma membrane where it facilitates
the highly motile nature of T lymphocytes, perhaps by
priming the cells to quickly undergo changes in integrin
affinity and adhere to the endothelium under conditions
of high blood flow. Future experiments will be directed
at determining if indeed this is the case and whether
Chat-H in addition to T lymphocytes also regulates mi-
gration of other hematopoietic cell types.
Experimental Procedures
Mice
C57/B6J mice were used as source of CD4+ T cells and for in vivo mi-
gration experiments. Mice were housed in specific pathogen-free
conditions and were used and maintained in accordance with the
Institutional Animal Care and Use Committee guidelines.
Plasmids and Viral Vectors
pLL3.7, D8.9, and VSVG were obtained from C. Dillon (MIT) (Rubin-
son et al., 2003). pHit123 was obtained from S. Goff (Columbia)(Soneoka et al., 1995). To generate the pLL3.7U vector, the CMV pro-
moter was excised from pLL3.7 via NotI and NheI. The h-UbC pro-
moter was amplified from the FUGW plasmid (a gift from C. Lois,
MIT) with flanking NotI and NheI sites and cloned into the pLL3.7
plasmid. For cotransduction experiments, GFP cDNA replaced
with YFP via AgeI and EcoRI.
Generation of Eco-Typed Viral Supernatants
HEK293 T cells were plated at a density of 2.5 3 106 cells/10 cm
plate. 30 hr later, cells were transfected with viral component plas-
mids: 25 mg vector (pLL3.7, pLL3.7U, CHi3 or CHi3U, CHi3s, and
CLi1 or CLi3), 10 mg D8.9, and 10 mg ecotropic envelope (pHit123)
by a calcium phosphate kit from Specialty Media (VWR) according
to the manufacturer’s instructions. Viral supernatants were har-
vested 48 hr later, supplemented with 10 mg/ml polybrene (Sigma),
and clarified through a 0.45 mm syringe filter. For overexpression
of rChat-H, hCasL, or their mutants, the pMiG bicistronic system
was used (Van Parijs et al., 1999). HEK293 cells were transfected
with 35 mg pMiG or vectors expressing rChat-H, hCasL or their mu-
tants, and 15 mg of pCL-Eco (Naviaux et al., 1996). Viral supernatants
were harvested as described above.
Transduction of T Cells
CD4+ T cells were positively isolated from the spleens of 6- to
10-week-old C57/B6 mice (Jackson Labs) with Dynabeads (Dynal).
Cells were plated at a density of 0.5–1.0 3 106 cells/well on 24-
well plates precoated with a-CD3 and a-CD28 antibodies (5 mg/ml
each, Pharmingen) and allowed to incubate for 16 hr in complete
RPMI. The RPMI was aspirated and viral supernatant was applied
to each well. The plate was spun at 2500 rpm at 30C for 90 min, after
which the viral supernatant was replaced with 0.5 ml complete RPMI
supplemented with IL-2 (10 ng/ml, Pharmingen). Transduction effi-
ciency was assessed by flow cytometry on a FACSCalibur or LSRII.
For cotransduction with pLL3.7U-YFP- and pMiG-based vectors, vi-
ral supernatants from each type were mixed at a 1:1 ratio and added
to the T cells.
Migration and Homing Assays
72 hr after infection, 1–2 3 105 T cells in 100 ml were loaded into the
upper chamber of a 3 mm transwell plate (Costar), which was then
layered on top of 0.6 ml of the same media with or without chemo-
kine. The cells were allowed to migrate for 2–3 hr at 37C and then
counted with a hemocytometer. Input and migrated populations
were compared by FACS and percent of cells migrated was calcu-
lated accordingly.
For in vivo migration studies, virally transduced T cells were
sorted for GFP expression. Vector- or CHi3-transduced cells were
labeled with either 0.5 mM CMRA or DDAO (Molecular Probes) for
20 min in serum-free medium and washed. The cells were mixed
at a 1:1 ratio and injected intravenously into syngeneic mice. Tissues
were harvested 1 hr after injection and analyzed by FACS. Blood was
obtained by cardiac puncture, diluted 1:50 in cold PBS, and spun
down, red blood cells were lysed, and cells were resuspended in
complete RPMI. For spleen and lymph nodes, single-cell suspen-
sions were made and resuspended in complete RPMI. For liver
and lungs, the tissues were cut into small pieces and incubated
with collagenase D (Roche; 150 U/ml) and DNase (50 U/ml) for 1 hr
at 37C. Cell suspensions were passed through an 18 G needle, fil-
tered through a 70 mm nylon mesh, and resuspended in RPMI.
Adhesion Assays
Transduced CD4+ T cells (23 105/well) were stimulated with 100 ng/ml
CXCL12 or PMA (50 ng/ml) and immediately placed on plates coated
with recombinant mouse ICAM-1-Fc chimera (3 mg/ml, R&D Systems).
After incubation at 37C for different time points, cells were washed
three times to remove nonadherent cells, fixed with methanol, and
stained with crystal violet, and the absorbance was determined at
540 nm with a multiwell plate reader.
Statistical Method
A two-tail Student’s t test was used to calculate statistical signifi-
cance for differences in measurements between different samples.
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3–5 3 106 transduced T cells were serum starved for 3 hr, and then
were either left unstimulated or stimulated with 100 ng/ml CXCL12
for indicated time points. After stimulation, cells were immediately
lysed by adding equal volume 23 lysis buffer and either immunopre-
cipitated with Hef-1 (CasL) antibody or Rap1-GTP was pulled down
with glutathione beads that had been precomplexed with purified
GST-RalGDS or GST-PAK-RBD (Hwang et al., 1996).
Supplemental Data
Supplemental Data include three figures and Supplemental Experi-
mental Procedures and can be found with this article online at
http://www.immunity.com/cgi/content/full/25/6/907/DC1/.
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